Two mutants with increased protease production were isolated after nitrosoguanidine treatment of Staphylococcus aureus 8325N. The wild type produces low amounts of extracellular proteolytic activity. The enzyme was inducible and could only be detected if casein or preferably skim milk powder was used as inducer. The optimal pH, salt concentration, and media for enzyme production were determined. The mutants differed from the wild type in several phenotypic characters. The proteolytic enzymes of Staphylococcus aureus have not been studied in detail compared to other extracellular proteins. Extracellular proteases have been described, but few enzymes have been purified. Excretion of proteolytic activity has been correlated with production of other enzymes such as lysozyme and coagulase (9). The proteolytic activity of several strains growing on casein prepared from different sources has been determined (13 amounts of a proteolytic enzyme. The increase in proteolytic activity appears to be associated with profound phenotypic changes, suggesting a single locus of S. aureus controlling the excretion of extracellular products, as previously suggested for phage-resistant (3) and protein A-deficient mutants (8).
production were determined. The mutants differed from the wild type in several phenotypic characters. The pattern of extracellular deoxyribonuclease and alkaline phosphatase differed between the mutants and the wild type. Several carbohydrates such as lactose, galactose, and mannitol were not utilized by the mutants, probably owing to a block in the uptake. Glucose could, however, be utilized by the mutants. Reversion frequency to wild type with regard to carbohydrate utilization was spontaneously high, and all revertants regained the parental pattern irrespective of the carbohydrate used for selection. The results suggest that a single locus may control the excretion of extracellular enzymes and carbohydrate uptake in S. aureus.
The proteolytic enzymes of Staphylococcus aureus have not been studied in detail compared to other extracellular proteins. Extracellular proteases have been described, but few enzymes have been purified. Excretion of proteolytic activity has been correlated with production of other enzymes such as lysozyme and coagulase (9) . The proteolytic activity of several strains growing on casein prepared from different sources has been determined (13) . Robinson et al. (17, 18) isolated two proteolytic components of which one was at first considered to be identical to alpha hemolysin. Tirunarayanan and Lundblad (20) made a partial purification of proteases from strain Walker. They also emphasized the importance of pH control during growth to obtain maximal yield of proteolytic activity and other enzymes (22) . Westerberg et al. (23) -distinguished three fractions with proteolytic activity by isoelectric focusing of extracellular material from S. aureus strain V8. A protease from strain V8 was recently purified by Drapeau et al. (4) , and its molecular weight, amino acid composition, and substrate specificity were determined. This paper describes two mutants with high extracellular protease production, isolated from strain 8325N. The wild type produces very low 25 amounts of a proteolytic enzyme. The increase in proteolytic activity appears to be associated with profound phenotypic changes, suggesting a single locus of S. aureus controlling the excretion of extracellular products, as previously suggested for phage-resistant (3) and protein A-deficient mutants (8) .
MATERIALS AND METHODS Strains S. aureus 8325N and derivatives were used throughout this study. The wild type was obtained from M. H. Richmond, Department of Bacteriology, the Medical School, Bristol.
Isolation of protease-producing mutants. The cells were grown in Trypticase soy broth (TSB) to an absorbancy at 524 nm (A,,4) of 0.75, centrifuged, and washed with sterile saline. After resuspension to the original volume in TSB medium, sterile N-methyl-N'-nitro-N'-nitrosoguanidine (NTG) was added to a final concentration of 100 pug/ml. The bacteria were incubated for 30 min at 37 C, and the cells were centrifuged, washed, and diluted 50-fold in TSB medium without NTG. Growth was continued overnight for phenotypic expression.
High protease producers were selected on milk agar plates, containing nutrient agar with 1 Coagulase assay. Overnight cultures grown in TSB medium were assayed for coagulase. A 0.1-ml amount of culture supernatant fluid was incubated with 0.5 ml of rabbit plasma diluted 1:5 with sterile saline. The mixture was kept at 37 C without shaking for 2 to 24 h before estimation of the clotting capacity.
Carbohydrate utilization. The ability to utilize different sugars was tested on eosin-methylene blue selective agar plates by the method of McClatchy and Rosenblum (15) . A large number of bacteria (up to 109 cells/ml) can be spread on these plates. The bacteria able to utilize the sugar will grow as pink colonies in a lawn of white nonutilizing cells.
Transport studies. Bacteria were grown in CHM medium containing 1% galactose to an absorbancy of 0.4, corresponding to 2 x 108 cells/ml. The cells were washed with saline and suspended in 0.1 M Trishydrochloride, pH 7.4. "C-Galactose (0.25 mCi; spec act 4.7 mCi/mmol) was added to each of two bacterial suspensions of 10 ml. One was kept at 0 C and the other at 37 C. Samples (1.0 ml) were taken at different times, filtered through membrane filters 
RESULTS
Proteolytic activity of wild type and prot+ mutants of S. aureus after induction in different media. After mutagenization with NTG, about 5% of the survivors showed clear zones on milk agar. The prot+ (protease positive) cells were picked and tested on liquid medium with milk powder. The caseinolytic activity of the mutants was about three to ten times higher than that of the wild type. Two of these mutants were analyzed in detail and called prot 4 and prot 6. The phage sensitivity pattern was the same as that of the wild type (80a 53 47 75). Extracellular proteolytic activity could only be induced by milk or casein in the medium. No activity was found extracellularly when the mutants were grown in media containing gelatine or Casamino Acids, nor did commercial substrates such as TSB or nutrient broth media induce protease production. Thirteen different commercial enzymatic digests of casein were examined as inducers for protease production. The concentrations were varied from 0.001 to 1.5%. None of the digests could function as inducers. Peptonized milk nutrient, however, which is a hydrolysate of skim milk gave around half the proteolytic activity of whole skim milk powder.
Enzyme production during growth of wild type and prot+ mutants. The release of protease and DNase into the medium was studied during growth in milk-nutrient broth medium at 37 C. The result is shown in Fig. 1 A and B . The proteolytic activity follows the growth curves for both strains prot 4 and 6 and reaches a maximum at the beginning of the stationary phase. DNase production, however, seems to differ between the two. DNase is always excreted early during growth from strain prot 4 and rises rapidly to high activity. The release of DNase is delayed compared to the proteolytic enzyme from strain prot 6. The wild-type cells will grow normally in this medium, but there is no detectable amount of either protease or DNase. The production of DNase was also studied with bacteria grown in TSB medium. The enzyme production mainly follows the growth curves of strain prot 6 and the wild-type strain ( Fig. 2A-C For examination of alkaline phosphatase production, the bacteria were cultivated in peptone which has a reduced phosphate concentration. Only wild type produced this enzyme (Fig. 4) . Thus the prot+ mutants also exhibit a difference in this enzyme activity after mutagenization.
Coagulase of the wild-type, prot 4, and prot 6 strains was studied after incubation with rabbit plasma. Coagulation was observed in the tubes with the wild-type strain and strain prot 6. Even after 24 h, no clotting could be detected with strain prot 4.
Influence of pH and buffer concentration on proteolytic activity during growth. It will be shown elsewhere that the proteolytic enzyme of strain prot 6 is stable between pH 6 and 9.5 (A. -C. Ryden, manuscript in preparation). The effect of changing pH in the cultivation medium was studied, and the protease activity was determined. The concentration of Tris buffer was kept at 0.05 M. There are only slight differences in enzyme production between pH 7.0 and 7.5 for prot 6 and between pH 7.0 and 8.25 for strain prot 4 ( Table 1 ).
The salt concentration was next varied in the medium by changing the Tris buffer from 0.01 to 0.1 M. The pH was kept constant at 7.5. The buffer concentration did not effect protease production of the prot+ mutants ( Table 2 ). The wild type produced no enzyme in 0.1 M buffer although the pH was neutral. Enzyme inactivation at low pH did not, therefore, appear to explain the protease deficiency of the wild type. Utilization of carbohydrates by wild-type and prot+ mutants. The proteolytic activity was higher when whole skim milk powder was used rather than casein or an artificial milk mixture containing casein and lactose (Table  3) . Although the medium was buffered with 0.05 M Tris-hydrochloride (pH 7.5), the pH decreased about two pH units in wild-type cultures when lactose was present, due to acid production of the utilized lactose. Neither strain prot 4 nor strain prot 6 could utilize this sugar when tested on eosin-methylene blue agar or in fermentation tubes.
When glucose was added to the medium, it was evident that 0.1% glucose increased the proteolytic activity of both strains prot 4 and prot 6, but pH was maintained constant.
At 1% glucose, pH decreased in the cultures of strain prot 6 as for the wild type. Protease activity was also reduced. Strain prot 4, on the other hand, maintained pH and enzyme production unchanged (Table 4) . Glucose was metabolized by both prot+ mutants when tested on eosin-methylene blue plates and in fermentation tubes, although the fermentation was slower for strains prot 4 and prot 6 than for the wild-type strain. Strains prot 4 and prot 6 were unable to utilize galactose (gal-) and mannitol (mtl-) when grown on eosin-methylene blue agar containing these carbohydrates.
Spontaneous reversion from lac-to lac+ and gal-to gal+. The reversions of lac-to lac+ and gal-to gal+ were studied on eosinmethylene blue plates. After 3 days of incubation, the large pink colonies in the bacterial lawn were counted. Table 5 shows the reversion frequencies. Ten lac+ and 10 gal+ colonies were picked from both strains prot 4 and prot 6 and assayed for protease production. It was found that all the revertants from strain prot 6 utilizing lactose and galactose had the low proteolytic activity of the wild-type strain. All revertants from strain prot 4 on the other hand still produced 50 to 80% of the original enzyme activity. All the revertants isolated regained the wild-type phenotype with regard to all carbohydrates, irrespective of the sugar used for selection. Phage typing of all revertants gave the same pattern as for the original mutants. This probably infers that the mutation leading 10-6 mmol/ml) was added to cells suspended in buffer, and the uptake of the carbohydrate was followed at different time intervals. Strain prot 6 transports no galactose either at 0 or at 37 C (Fig. 5) . The uptake at 0 C, however, must be slow, since the wild type shows no increase in "C-incorporation during the 2 h studied. DISCUSSION Induction of proteolytic enzyme in S. aureus 8325N is at least partially specific since milk powder and casein could be used as inducers, whereas gelatin and several protein hydrolysates could not. Free casein only gave 50% of the proteolytic activity obtained with milk. The casein hydrolysate medium used by Tirunarayanan (22) Symbols: A, radioactivity at 37 C of strain 8325N; *, radioactivity at 0 C of strain 8325N; A, radioactivity at 37 C of strain prot 6; 0, radioactivity at 0 C of strain prot 6. lizing the carbohydrate.
Glucose has been reported to repress protease production of staphylococci (22) , as of many other proteases from different bacteria. This was ascribed to catabolic repression, thus lowering the intracellular level of cyclic adenosine monophosphate (AMP) (19) . Cyclic AMP might be necessary to trigger the ribonucleic acid polymerase to transcribe a catabolic-sensitive operon coding for the enzyme. This idea might explain the regulation of potease of strain prot 6 since glucose inhibited the enzyme production when added to the medium. This would, however, require that the wild-type strain produces protease when the cells were grown on casein without glucose, which was not the case. The enzyme should then be derepressed since the genetic information for the protease must be present. Some other factor must therefore be involved in the repression of the protease of the wild type. Since strain prot 4 did not show a decreased proteolytic activity when 1% glucose was added, the regulation is difficult to explain on the basis of cyclic AMP.
A common control mechanism for several extracellular products was suggested by Forsgren et al. (8) . They isolated several protein A-deficient mutants and found that several of these mutants also lacked other phenotypic characters, such as nuclease, coagulase, ahemolysin, fibrinolysin, mannitol utilization, and the phage-type pattem. In reversion and transduction experiments, several of these properties were regained together. Similar results were reported by Omenn and Friedman (16) who isolated mutants lacking nuclease, coagulase and 8-hemolysin. The revertants regained all the lost characters.
Pleiotrophic changes might also be associated with the cell envelope. Chatterjee et al. (3) described a phage-resistant mutant of S. aureus H that differed phenotypically from the wild type in many respects. The phage-resistant mutant grew more slowly, was larger, and produced smaller amounts of autolytic enzyme. The reversion experiments resulted in wild-type cells with respect to all these characters. The mutant was previously shown to lack polymeric teichoic acid, which suggests some general defect in the envelope, leading to the pleiotrophic character. Single locus changes in envelope genes might thus affect several properties of the cells and suggest another explanation of the pleiotrophic mutants described in this paper.
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